Abstract-We propose a physical-datalink cross-layer resource allocation scheme over wireless relay networks for quality-ofservice (QoS) guarantees. By integrating information theory with the concept of effective capacity, our proposed scheme aims at maximizing the relay network throughput subject to a given delay QoS constraint. This delay constraint is characterized by the socalled QoS exponent θ, which is the only requested information exchanged between the physical layer and the datalink layer in our cross-layer design based scheme. Over both amplify-andforward (AF) and decode-and-forward (DF) relay networks, we develop the associated dynamic resource allocation algorithms for wireless multimedia communications. Over DF relay network, we also study a fixed power allocation scheme to provide QoS guarantees. The simulations and numerical results verify that our proposed cross-layer resource allocation can efficiently support diverse QoS requirements over wireless relay networks. Both AF and DF relays show significant superiorities over direct transmissions when the delay QoS constraints are stringent. On the other hand, our results demonstrate the importance of deploying the dynamic resource allocation for stringent delay QoS guarantees.
I. INTRODUCTION

W
ITH THE explosive developments of wireless communications, quality-of-service (QoS) provisioning has become a critically important performance metric for the future wireless networks. Unlike wireline networks, in which QoS can be guaranteed by independent optimization within each layer in the open system interconnection (OSI) model, over wireless networks there is a strong interconnection between layers, which makes the layered design and optimization approach less efficient. For example, at the physical layer, a great deal of research focuses on techniques that can enhance the spectral efficiency of wireless systems. The framework used to evaluate these techniques is mainly based on information theory, using the concept of Shannon capacity [1] . However, it is well known that Shannon capacity does not place any restrictions on complexity and delay [2] . As a result, the optimization merely at the physical layer may not lead to the desired delay QoS requested by the services at upperprotocol layers.
To deal with this problem, there have been increasing interests in design for wireless networks that rely on interactions between various layers of the protocol stack. This approach, called cross-layer design and optimization, has been widely recognized as a promising solution to provide diverse QoS provisioning in wireless multimedia communications [3] . The cross-layer approach relaxes the layering architecture of the conventional network model, which can result in a significant performance enhancement. However, such a design principle across different layers usually involves high complexity, which may cause the optimization problem intractable [4] . Consequently, how to develop efficient cross-layer approaches while minimizing the additional requested information exchanged between layers is an important issue from both theoretical and practical point-of-views.
On the other hand, relay communications have recently emerged as a powerful spatial diversity technique that can improve the performance over conventional point-to-point transmissions. The original work on relay communications was initialed by Cover and Gamal [5] . Since then, it has been extensively studied using different performance metrics [6] - [13] , especially when the concept of user cooperation was proposed [6] [7] . Clearly, combining the idea of cross-layer design with the relay network architecture, it is possible to significantly improve the system QoS provisioning performance. However, the research on how to efficiently employ the unique nature of relay architecture for designing the cross-layer protocols, and what is the impact of cross-layer resource allocation on supporting diverse QoS requirements over wireless relay networks, are still quite scarce [14] .
To remedy the above deficiency, in this paper we propose a cross-layer resource allocation scheme for relay networks with the target at delay QoS guarantees for wireless multimedia communications. Our proposed scheme aims at maximizing the relay network throughput subject to a given delay QoS constraint. Our work builds on the integration of information theoretic results with the theory of statistical QoS guarantees, in particular, the recently developed powerful concept termed effective capacity [15] - [18] . The theory of statistical QoS guarantees has been extensively studied in the early 90's with the emphasis on wired asynchronous transfer mode (ATM) networks [19] - [23] . This theory enables us to analyze network statistics such as queue distributions, buffer overflow probabilities, and delay-bound violation probabilities, which are all important delay QoS metrics. As a part of the statistical QoS theory, effective capacity is particularly convenient for analyzing the statistical QoS performance of wireless multimedia transmissions where the service process is driven by the time-varying wireless channel.
Specifically, our resource allocation scheme is across the physical and the datalink layers. Applying the effective- capacity based approach, we convert the original throughput maximization to effective capacity maximization, and characterize the delay constraint by the so-called QoS exponent θ, which is the only requested information exchanged between the physical layer and the datalink layer in our cross-layer scheme. In particular, the dynamics of θ corresponds to different delay QoS constraints. For instance, non-real-time services such as data disseminations aim at maximizing the throughput with a loose delay constraint (θ → 0). In contrast, the key QoS requirement for real-time multimedia services is the timely delivery with stringently upper-bounded delay (θ → ∞). There also exist some services falling in between, like paging and interactive web surfing, which are delay sensitive but the delay QoS requirements are not as stringent as those of real-time multimedia applications (0 < θ < ∞).
We focus on simple half-duplex relay protocols proposed in [9] , namely, amplify-and-forward (AF) and decode-andforward (DF), and develop the associated dynamic resourceallocation algorithms, where the resource allocation policies are functions of both the network channel state information (CSI) and the QoS constraint θ. The resulting resource allocation policy in turn provides a guideline on how to design the relay protocol that can efficiently support stringent QoS constraints. For DF relay networks, we also study a fixed power allocation scheme and investigate its performance. The simulations and numerical results verify that our proposed cross-layer resource allocation can efficiently support diverse QoS requirements over wireless relay networks. Moreover, both AF and DF relays show significant superiorities over direct transmissions when the delay constraints are stringent. On the other hand, our results demonstrate the importance of deploying the dynamic resource allocation for stringent delay QoS guarantees.
The rest of the paper is organized as follows. Section II describes our cross-layer relay network model. Sections III introduces the concept of statistical QoS guarantees. Sections IV and V develop the cross-layer resource allocation policies for AF and DF relay networks, respectively. Section VI investigates a fixed power allocation policy for DF relay networks. Section VII presents simulations and numerical results to evaluate the performance of our proposed cross-layer resource allocation. The paper concludes with Section VIII.
II. SYSTEM DESCRIPTIONS
A. Network Model
The cross-layer relay network model is shown in Fig. 1 . We concentrate on a discrete-time system with a source node (S), a destination node (D), and a relay node (R), where the relay assists communications between the source and the destination without having its own data to send. As illustrated by Fig. 1 , a first-in-first-out (FIFO) queue is implemented at the source node, which comprises the datalink-layer packets to be transmitted to the destination. At the physical (PHY)-layer, the datalink-layer packets are divided into frames, which form the data units through wireless transmissions. The frame duration is denoted by T f , which is assumed to be less than the fading coherence time, but sufficiently long so that the information-theoretic assumption of infinite code-block length is meaningful. Based on a given QoS constraint θ requested by the service (which will be detailed in Section III) and CSI fed back from the corresponding receivers, the source and the relay need to find an optimal resource allocation strategy that can maximize the throughput subject to the QoS constraint θ. At the relay node, the transmission only involves the physical layer, as shown by Fig. 1 . In this paper, we also make the following assumptions:
A1: The discrete-time channel is assumed to be block fading. The path gains are invariant within a frame's duration T f , but vary independently from one frame to another. The block fading channel model is commonly used in literatures, which can also greatly simplify our analyses, as will be explained in Section III. Moreover, through the study of [24] we observe that there exists a simple and efficient approach to convert the resource allocation policy obtained in block fading channels to that over correlated fading channels, making the investigation of block fading channel more applicable.
A2:
We assume that CSI is perfectly estimated at the corresponding receivers and reliably fed back to the source and the relay without delay. The assumption that the feedback is reliable can be (at least approximately) satisfied by using heavily coding feedback channels. On the other hand, the feedback delay can be compensated by channel prediction [25] .
A3: We further assume that for a given instantaneous channel gain, the physical-layer codewords adaptively operates at the instantaneous achievable rate of the relay protocol. This assumption implies that an ideal adaptive modulation and coding scheme is implemented.
B. Channel Model
The relay channel model is shown in Fig. 2 . We assume a flat fading channel model. The instantaneous channel coefficient between sender i and receiver j is denoted by {h i,j }, where i ∈ {s, r} and j ∈ {r, d} with i = j, and s, r, d represent the source, relay, and destination, respectively. The magnitudes of these channel coefficients are assumed to follow an independent Rayleigh distribution, with the mean determined by the large-scale path loss. At each receiver, the additive noise is modeled as independent zero-mean, circularly symmetric complex white Gaussian with unit variance.
In the following discussions, we denote the channel gain an exponential distribution with parameter λ i , i ∈ {1, 2, 3}. To study the impact of relay location on network performance, we normalize the distance between the source and the destination to one, and let the relay be located in a line between the source and the destination. The source-relay distance and the relaydestination distance are denoted by d and 1 − d, respectively, where 0 < d < 1. Based on the channel model and network topology described above, the network CSI is determined by a 3-tuple γ = (γ 1 , γ 2 , γ 3 ), which follows independent exponential distribution with parameter λ 1 = 1, λ 2 = d α , and
α , respectively, where α denotes the path loss exponent. A typical value of α lies in the range of (2, 5) . In the simulations and numerical results presented in Section VII, we will assume α = 4.
C. Relay Protocols
Different relay protocols have been investigated in literatures [8] - [13] . In this paper, we mainly focus on the simple half-duplex relay protocols proposed in [9] , namely, amplify-and-forward (AF) and decode-and-forward (DF). As compared to full-duplex relay, half-duplex relay restricts that terminals cannot transmit and receive simultaneously at the same frequency band, which enjoys much lower implementation complexity than the full-duplex relay. Moreover, the orthogonal transmission strategies of AF and DF protocols in [9] eliminates the potential interference between the source and the relay.
Specifically, for both AF and DF relays, each frame duration T f is divided into two equal portions. During the first half period of frame duration, the source transmits to both the relay and the destination. In the second half period, the relay forwards the message to the destination, where the forward strategy depends on specific relay protocol used.
1) AF Protocol:
In AF mode, the relay simply amplifies and then forwards what it receives during the first half to the destination. This strategy is also called non-regenerative relay or analog relay protocol [12] [13]. Let P s and P r denote the average transmit power assigned to the source and the relay, respectively. Then, the achievable rate of AF protocol, denoted by R AF , can be expressed as [9] 1
where B denotes the system spectral bandwidth. Note that in Eq. (1), since each transmitter sends data only for half of the frame duration, the source uses power 2P s during the first half 1 Note that in our model, the unit for the rate is "bits per frame". and the relay uses power 2P r during the second half, which results in a total average power of P s + P r per frame.
2) DF Protocol:
In DF mode, the relay forwards the message to the destination if it decodes successfully. Correspondingly, this strategy is also called regenerative relay or digital relay [12] [13] . The achievable rate of DF protocol, denoted by R DF , can be expressed as [9] R DF = T f B 2 min log 2 1 + 2γ 2 P s ,
Throughout this paper, we further assume that the relay network has a mean total transmit power constraint, denoted by P . Thus, the transmit power P s and P r need to satisfy
where E[·] denotes the expectation.
III. PRELIMINARIES ON STATISTICAL QOS GUARANTEES
A. The QoS Exponent
During the early 90's, statistical QoS guarantees have been extensively studied in the contexts of effective bandwidth theory [19] - [23] . The literature on effective bandwidth is abundant. The readers are referred to Chang [19] and Kelly et. al. [20] for a comprehensive review.
Based on large deviation principle (LDP), Chang in [19] showed that for a dynamic queueing system with stationary ergodic arrival and service processes, under sufficient conditions, the queue length process Q(t) converges in distribution to a random variable Q(∞) such that
To be more specific, the above theorem states that the probability of the queue length exceeding a certain threshold x decays exponentially fast as the threshold x increases. Note that in Eq. (4), the parameter θ (θ > 0) plays a critically important role for statistical QoS guarantees, which indicates the exponential decay rate of the QoS violation probabilities. A smaller θ corresponds to a slower decay rate, which implies that the system can only provide a looser QoS guarantee, while a larger θ leads to a faster decay rate, which means that a more stringent QoS requirement can be supported. In particular, when θ → 0, the system can tolerate an arbitrarily long delay. On the other hand, when θ → ∞, the system cannot tolerate any delay. Due to its close relationship with statistical QoS provisioning, θ is called the QoS exponent [15] - [18] .
B. The Effective Capacity
Inspired by the effective bandwidth theory, Wu and Negi proposed a powerful concept termed effective capacity [15] - [18] . The effective capacity is defined as the maximum constant arrival rate that a given service process can support in order to guarantee a QoS requirement specified by θ. Analytically, the effective capacity can be formally defined as follows. exists and is a convex function differentiable for all real θ [19, pp. 921] . Then, the effective capacity of the service process, denoted by E C (θ), where θ > 0, is defined as [16, eq. (12) ]
When the sequence {R[i], i = 1, 2, ...} is uncorrelated, it is clear that the effective capacity E C (θ) reduces to [1] .
The effective capacity expression Eq. (6) in uncorrelated case only depends on marginal statistics of a service process, which is much simpler than the general expression given by Eq. (5), where the higher order statistics of the service process are required. Since the block fading channel model generates an independent identically distributed (i.i.d.) service process, it can greatly simplify the effective capacity derivations. In this paper, our original problem is maximizing the throughput subject to a given delay-QoS constraint. Notice that the effective capacity can be considered as the maximum throughput under the constraint of QoS exponent θ. Therefore, by interpreting θ as the QoS constraint in our original problem, we can formulate an equivalent new problem, which is to maximize the effective capacity for a given θ. In the following sections, we will focus on this new problem and design the corresponding resource-allocation algorithms.
IV. DYNAMIC RESOURCE ALLOCATION FOR AF RELAY NETWORKS
A. Problem Formulation
Conventionally, the resource allocation policy can be expressed as a function of the instantaneous network CSI γ. In contrast, our resource allocation policy is a function of not only the instantaneous CSI γ, but also the QoS exponent θ. Correspondingly, let us define ν (θ, γ) as network state information (NSI). Then, we can rewrite Eq. (1) as
where both the achievable rate R AF (ν) and the average transmit power P s (ν) and P r (ν) are functions of the NSI ν. For a given QoS constraint specified by θ, in order to find the optimal resource allocation policy that maximizes the effective capacity of Eq. (6), we can formulate our maximization problem as follows:
subject to the following power constraints:
where we define P(ν) (P s (ν), P r (ν)) as network power allocation policy, and E γ [·] emphasizes that the expectation is with respect to γ. Since log(·) is a monotonically increasing function, for each given QoS constraint θ > 0, the maximization problem (P 1) is equivalent to the following minimization problem:
subject to the same constraints given by Eq. (9). Problem (P 1 ) is still not easy to solve since the objective is not convex. To simplify the problem, we can make the following approximation at the high signal-to-noise ratio (SNR) regime:
The high SNR approximation made by Eq. (11) is commonly used to simplify the derivations and obtain insight of the problem [26] . The difference between the actual value and the approximate value becomes negligible as the SNR increases. Substituting Eq. (11) into Eq. (7), we approximate rate R AF (ν) by R AF (ν) as follows [13] :
The approximation R AF (ν) in Eq. (12) takes the advantages of mathematical tractability over R AF (ν) in Eq. (7). Specifically, R AF (ν) is strictly concave on the space spanned by (P s (ν), P r (ν)), which makes the related optimization much easier than the original problem (P 1 ). Furthermore, R AF (ν) serves as a tight upper-bound for R AF (ν) at the high SNR regime. We will observe from our numerical results later that the approximation is also accurate even at moderate-low SNR regime.
Replacing R AF (ν) by R AF (ν) in Eq. (10), we get the following optimization problem ready to be solved:
argmin
subject to the constraints given by Eq. (9), where we define
as the normalized QoS exponent.
B. Resource Allocation Policy
The following theorem solves the optimization problem (P 1 ) derived in the above:
The optimal resource allocation policy P(ν) that solves (P 1 ) is determined by
if both P s (ν) > 0 and P r (ν) > 0 in Eq. (14), where the parameters u and v are defined by
with c = √ γ 1 γ 3 + γ 2 γ 3 − γ 1 γ 2 , and γ 0 is a cutoff threshold determined by the mean total network power constraint.
Otherwise, the policy reduces to direct transmission and
The proof is provided in Appendix I. As mentioned in Section IV-A, the above solution for the problem (P 1 ) serves as a tight upper-bound for the optimal effective capacity. On the other hand, by applying the above solution directly to the original problem (P 1), we can obtain a lower-bound for the optimal effective capacity (since it is an achievable effective capacity). We will see by the numerical examples later that the upper-bound and lower-bound are very close, especially at the high SNR regime.
Since a necessary condition for the resource allocation to take the form of Eq. (14) is P s (ν) > 0, which in turn requests u > 0, implying γ 3 > γ 1 , we therefore have the following corollary.
Corollary 1: For AF protocol, if γ 1 ≥ γ 3 (the direct S-D link is better than the relay R-D link), then the optimal resource allocation reduces to the direct transmission, no matter what the QoS constraint θ is.
C. Limiting Resource Allocation Policies
As explained in Section III, the dynamics of the QoS exponent θ characterizes how stringent the QoS requirement is. We showed in [24] that as the QoS exponent θ → 0, the optimal effective capacity approaches the ergodic capacity of the system. On the other hand, as the QoS exponent θ → ∞, the optimal effective capacity approaches the zerooutage capacity of the system. Making use of these properties, we can obtain the resource allocation policy that characterizes the upper-and lower-bounds for the ergodic and zero-outage capacity of the AF relay protocol.
Proposition 1: The resource allocation policy that can upper-and lower-bound the ergodic capacity of the AF relay protocol is determined by (17); otherwise, it reduces to the direct transmission (water-filling) as
Proof: Letting θ → 0 in Eqs. (14) and (16), we can obtain the desired results.
Proposition 2: The resource allocation policy that can upper-and lower-bound the zero-outage capacity of the AF relay protocol is given by
where I{·} denotes the indicator function, and σ is a constant such that the mean total network power constraint is satisfied. Under such a policy, the transmission maintains a constant service rate (T f B/2) log 2 1 + σ , no matter what the channel realization γ is. Proof: Letting θ → ∞ in Eqs. (14) and (16), we can obtain the desired results, where the constant σ is determined by σ = lim θ→∞ γ
V. DYNAMIC RESOURCE ALLOCATION FOR DF RELAY NETWORKS
A. Resource Allocation for Original DF Protocol
Similar to the AF case, we first re-write Eq. (2) as a function of the NSI ν as follows:
Then, the optimization problem can be formulated as (P 2) arg max
subject to the constraint given by Eq. (9). Again, the above maximization problem (P 2) is equivalent to the following minimization problem:
(P 2 ) arg min
where
and
It is easy to show that (P 2 ) is a strictly convex optimization problem and thus has the unique optimal solution. To solve (P 2 ), we consider the following two scenarios. Scenario-1:
always holds, no matter what the value of P r (ν) is. To save the transmit power, the optimal resource allocation strategy must satisfy P r (ν) = 0. As a result, problem (P 2 ) becomes:
subject to E γ [P s (ν)] = P . This is equivalent to a direct transmission problem, where the transmission link is from the source to the relay. The above problem has been solved by our previous work [24] . The optimal resource allocation policy is determined by:
If γ 2 ≥ γ 1 , then we can find appropriate P s (ν) and P r (ν) such that
which in turn gives
whereũ = (γ 2 − γ 1 )/γ 3 . In this case, the objective function of the problem (P 2 ) is the same as that given in Eq. (25), but subject to the constraints given by Eqs. (9) and (28). Thus, we can construct the following Lagrangian problem as
Solving the above Lagrangian problem, we obtain the resource allocation policy under the condition of
In summary, the optimal resource allocation policy for the original DF protocol is given by either Eq. (26) or Eq. (29), depending on whether γ 2 < γ 1 or not.
To study the zero-outage capacity of DF relay networks, we let θ → ∞, and the corresponding resource allocation policy can be expressed as
Similar to the AF case, under such a policy, the transmission maintains a constant service rate (T f B/2) log 2 1 + σ , no matter what the channel realization γ is.
It is important to notice that when θ → 0, the corresponding resource allocation policy does not lead to the ergodic capacity of DF relay networks, since the ergodic capacity of DF relay networks is determined by
min E γ log 2 1 + 2γ 2 P s ,
but the optimal effective capacity of our scheme at θ → 0 is given by
E γ min log 2 1 + 2γ 2 P s ,
By Jensen's inequality, C ≥ C always holds. From an implementation perspective, Eqs. (31) and (32) correspond to two different transmission strategies for the relay node [11] . On one hand, it can immediately transmit a received and decoded frame to the destination whenever it receives the frame from the source, which corresponds to Eq. (32). On the other hand, it can also queue data and then transmit the queued contents when the channel is favorable, which corresponds to Eq. (31). Since in our system model, the relay strategy falls into the first category, our obtained effective capacity is no greater than the ergodic capacity. However, this strategy is more practical because it results in shorter delay. The readers are referred to [11] for detailed discussions about resource allocation to achieve the ergodic capacity of relay networks.
B. Improved DF Protocol for Stringent QoS Provisioning
One major drawback of the original DF relay protocol, which we will call the protocol (R0) hereafter, is that it cannot support stringent QoS requirement for any non-zero arrival process. We have the following proposition to formally characterize this problem.
Proposition 3: As the QoS exponent θ → ∞, the optimal effective capacity for protocol (R0) approaches zero, no matter how much spectral bandwidth and power resources are assigned for the transmission.
Proof: The proof is provided in Appendix II-A. To be more specific, Proposition 3 states that the zero-outage capacity of protocol (R0) is zero. Intuitively, from Eq. (2) we can observe that the performance of the protocol (R0) is upper-bounded by the direct transmission from the source to the relay. However, it is well known that when each terminal has a single antenna, direct transmission cannot achieve zero outage probability with a finite average power limitation. Therefore, in order to improve the performance of DF relay for stringent QoS guarantees, we need modify the original protocol (R0).
1) Protocol (R1):
A straight-forward idea of modification is to improve the performance of DF relay under the case of γ 1 > γ 2 (i.e., Scenario-1). Since in this case, the performance of DF relay is always worse than the direct transmission, we can use direct transmission instead of relay.
The optimal resource allocation policy for protocol (R1) can be described as follows: 2) Protocol (R2): The major reason that protocol (R1) still cannot support stringent QoS is that it does not provide diversity for the link from relay to the destination. To overcome this problem, we need to use the direct transmission instead of relay when either γ 2 or γ 3 is less than γ 1 . This strategy in fact provide selection diversity to the R-D link. The optimal resource allocation policy for protocol (R2) can be described as follows:
• If γ 1 > γ 2 or γ 1 > γ 3 , then the resource allocation is determined by Eq. (16).
• Otherwise, the resource allocation is determined by Eq. (29). Proposition 4: As the QoS exponent θ → ∞, the optimal effective capacity for protocol (R2) approaches a non-zero constant rate with a finite mean total power constraint given by Eq. (3) .
Proof: The proof is provided in Appendix II-C. A similar protocol is called "opportunistic cooperative" in [10] , where the focus is mainly on the outage probability minimization.
VI. FIXED POWER ALLOCATION FOR DF RELAY NETWORKS
In previous sections, we assume that the source and the relay nodes can dynamically allocate the transmit power under a mean total power constraint. In this section, we study the case where they do not have the ability to perform temporal power allocation. Let P s = κP and P r = (1 − κ)P be the power assigned to source and relay, respectively, where κ ∈ (0, 1). Then, our goal is to find an optimal κ that can maximize the effective capacity under the constraint of a given QoS exponent θ.
Rewrite the rate in Eq. (2) for the DF protocol as follows:
where we define γ = 2P min{γ 2 κ, γ 1 κ + γ 3 (1 − κ)}. Following the similar idea to the previous sections, we can formulate the optimization problem as
In Eq. (34), we define
where λ = (λ 1 , λ 2 , λ 3 ) with λ i denoting the parameter of the exponential distribution for the channel gain γ i , and p e Γ ( γ) denotes the probability density function (pdf) of γ, which can be derived by using the following proposition.
Proposition 5: Let X min{X 2 , X 1 + X 3 }, where X i is an independent exponential distributed random variable with parameter µ i for i ∈ {1, 2, 3}. Then the pdf of X, denoted by p X (x), can be expressed as follows:
The proof follows by the direct derivations. Corollary 2: The pdf of γ, denoted by p e Γ ( γ), can be obtained directly by letting
The integral in Eq. (35) can be calculated by using the results given in [27, Sec. 3.383.5]. After some algebraic manipulations, we can obtain the closed-form expression for G κ, θ, λ, P given in Eq. (35) as follows:
where Γ(·) denotes the Gamma function, E ν (·) denotes the νth order exponential integral function, and 1 F 1 (·, ·, ·) denotes the confluent hypergeometric function. At the high SNR regime, using the Taylor expansion e x = 1 + x + x 2 /2 + · · · , and the asymptotic property of the exponential integral function [28]
it turns out that Eq. (37) can be simplified as
However, it is still difficult to solve the optimal κ * explicitly, due to the intractability of G κ, θ, λ, P . Therefore, we will use the numerical search to obtain the optimal κ * ∈ (0, 1). 
VII. SIMULATIONS AND NUMERICAL EVALUATIONS
We evaluate the performance of our proposed cross-layer resource allocation scheme over wireless relay networks by simulations and numerical analyses. In the following, we set the product of frame duration and spectral bandwidth T f B/ log(2) = 1 such that β = θ. The other system parameters are detailed respectively in each of the figures.
Using Propositions 1 and 2, Fig. 3 plots the effective capacity upper-and lower-bounds for the AF protocol by using our proposed resource allocation policy. We can observe from Fig. 3 that for both the loose QoS constraint (θ → 0) and stringent QoS constraint (θ → ∞), the upper-and lowerbounds are very close to each other. In particular, at the high SNR regime, the upper-and lower-bounds are indistinguishable, indicating that the deployed resource allocation policy essentially achieves the optimality. Thus, in the following, we will only plot the lower-bound of the effective capacity for AF relay protocol for simplicity. Fig. 4 plots the optimal effective capacities for different DF relay protocols. As verified by Fig. 4 , when the QoS is loose (θ → 0), protocol (R2) achieves the best effective capacity and the original protocol (R0) attains the worst performance among the three protocols. The performance of protocol (R1) approaches protocol (R0) when the relay is close to the source and approaches protocol (R2) when the relay is close to the destination. On the other hand, as the QoS constraint becomes stringent (θ → ∞), only protocol (R2) can achieve a nonzero effective capacity. For both protocols (R0) and (R1), the optimal effective capacity approaches zero, as pointed out by our analytical analyses. Thus, in the following, we will only plot the effective capacity by using protocol (R2). Fig. 5 shows the optimal effective capacities for AF and DF protocols as a function of the QoS exponent θ and the S-R distance d. For comparison purpose, we also plot the optimal effective capacity obtained by using direct transmission [24] . Since there is no relay node for the direct transmission scheme, the performance of direct transmission is independent of parameter d. We can observe from Fig. 5 that when the QoS constraint is loose, the effective capacities of AF and DF are close to that of direct transmission. However, as the The effective capacity of different DF protocols under optimal resource allocation. The average total power is 10 dB.
QoS constraint become more stringent, the two relay protocols both show significant advantages over direct transmission. The performance comparisons of AF and DF relay are plotted in Fig. 6 in terms of the ratio of the effective capacity for DF relay to that for AF relay. We can observe that the two protocols show the similar performances. DF relay performs relatively better when the relay is close to the source, while AF relay performs better when the relay is close to the destination. Note that when the QoS constraint is loose, the direct transmission may outperform relay transmission, which is due to the fact that both relay protocols operate in halfduplex mode and only utilize half of the degree of freedom. When more powerful relay protocols are employed, e.g., the relay protocols proposed in [10] [11], the performance of relay transmission is expected to show significant gain over direct transmission for both loose and stringent QoS provisioning. Fig. 7 (a) numerically plots the optimal power assignment κ * for DF relay protocol under fixed power allocation policy. By applying the optimal power assignment, the resulting effective capacity is shown in Fig. 7(b) . We can observe from Fig. 7(b) that even using the optimal power assignment, the effective capacity also converges to zero as the QoS exponent θ → ∞. However, this is the best that the fixed power allocation can do to maximize the effective capacity. This implies that no matter how much power and spectral bandwidth resource are assigned and no matter how elegant coding/modulation is employed, the fixed power allocation cannot support stringent QoS over Rayleigh flat-fading channels.
To compare the performance of dynamic and static resource allocations, the effective capacity gain of protocol (R2) over fixed power assignment is shown in Fig. 8 . We can see from Fig. 8 that for loose QoS constraint, the performance of the two strategies are similar. The effective capacity by using dynamic resource allocation is only slightly better than that by using fixed power assignment. However, as the QoS constraint becomes stringent, the dynamic resource allocation significantly outperforms the fixed power allocation, which confirms the importance of employing the dynamic resource allocation for stringent QoS provisioning. 
VIII. CONCLUSIONS
We proposed and analyzed the cross-layer resource allocation scheme for relay networks to guarantee diverse QoS requirements. By integrating information theory with the effective capacity, our proposed cross-layer scheme characterizes the delay QoS constraint by the QoS exponent, which turns out to be a simple and efficient approach in the cross-layer design and optimization. Over both AF and DF wireless relay networks, we developed the associated resource allocation algorithms. The simulation and numerical results verified that our proposed cross-layer resource allocation can efficiently support diverse QoS requirements. On the other hand, even for simple AF and DF protocols, the relay transmission shows significant advantages over direct transmissions when the delay constraints become stringent.
In this paper, our focus is mainly on how to apply the effective-capacity-based approach to wireless relay networks as an efficient cross-layer design strategy, whereas the problem of what is the optimal relay protocol is beyond the scope of this paper. It is worth noting that the performances of different relay protocols are significantly different. When employing more powerful relay protocols, e.g., those proposed and studied in [10] [11], the network performance can be much better. However, the cross-layer resource allocation scheme developed in this paper can be readily extended to the other scenarios using the more powerful relay protocols.
APPENDIX I PROOF OF THEOREM 1
Proof: Based on the concavity of R AF (ν), it is easy to show that (P 1 ) is a strictly convex optimization problem and therefore has the unique optimal solution. Construct the Lagrange as follows 2 :
If there exists the solution P(ν) such that both P s (ν) > 0 and P r (ν) > 0, then according to Karush-Kuhn-Tucker (KKT) condition we get
which yields
where γ 0 λ/β. Solving Eq. (43), we can obtain Eq. (14) . Note that Eq. (14) is a feasible solution when u > 0 and P r (ν) > 0. Otherwise, the AF protocol reduces to direct transmission, and thus the problem can be solved by the similar approach used in [24] , which leads to Eq. (16). Finally, the parameter γ 0 is determined by the mean total network power constraint. The proof follows.
APPENDIX II POWER LIMIT FOR DIFFERENT DF RELAY PROTOCOLS
A. Protocol (R0) (Proof of Proposition 3)
Proof: As θ → ∞, the optimal resource allocation policy for the original DF relay protocol (R0) becomes Eq. (30). To prove Proposition 3, it is equivalent to show that σ in Eq. (30) is always equal to zero for any finite power constraint P .
Using Eq. (30), it is easy to show that the total transmit power can be expressed as
Therefore, the constant σ is determined by the following equation: 
where Γ(0 + ) = lim x→0 + Γ(x) = +∞. Therefore, we have A = B = +∞, which results in σ = 0 for any finite power constraint P . The proof follows.
B. Protocol (R1)
Proof: As θ → ∞, the optimal resource allocation policy for protocol (R1) becomes
Similarly to Appendix II-A, we prove that for protocol (R1), σ in Eq. (47) is always equal to zero for any finite power constraint P . Omitting the details, we can show that the constant σ is determined by the following equation:
where A = +∞ from Eq. (46) and 
where E i (x) denotes the exponential integral function, and the equation of (a) holds due to the results given in [27, Sec. 6.224.1]. Again, we have σ = 0 for any finite power constraint P . The proof follows.
C. Protocol (R2) (Proof of Proposition 4)
Proof: As θ → ∞, the optimal resource allocation policy for protocol (R2) becomes To prove Proposition 4, it is equivalent to show that for protocol (R2), σ in Eq. (50) is bounded away from zero for any finite power constraint P . Likewise, the following equations hold for the constant σ: 
Therefore, σ is bounded away from zero for any finite power constraint P . The proof follows.
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